Abstract-In this paper, the electrical properties of Ti 3 SiC 2 -based ohmic contacts formed on p-type 4H-SiC were studied. The growth of Ti 3 SiC 2 thin films were studied onto 4H-SiC substrates by thermal annealing of Ti-Al layers deposited by magnetron sputtering. In this study, we varied the concentrations of Ti and Al (Ti 20 Al 80 , Ti 30 Al 70 , Ti 50 Al 50 , and Ti), and the annealing temperature from 900°C to 1200°C for each concentration. X-ray diffraction and transmission electron microscopy analyzes were performed on the samples to determine the microstructure of the annealed layers and to further investigate the compounds formed after annealing. Using the transfer length method structures, the specific contact resistance (SCR) at room temperature of all contacts was measured. The temperature dependence up to 600°C of the SCR of the best contacts was studied to understand the current mechanisms at the Ti 3 SiC 2 /SiC interface. The experimental results are in agreement with the thermionic field emission theory. With this model, the barrier height of the contact varies between 0.71 and 0.85 eV. Finally, ageing tests showed that Ti3SiC2-based contacts were stable and reliable up to 400 h at 600°C under Ar.
D
UE to the wide bandgap, high electric field strength, and high thermal conductivity, and also technological maturity, silicon carbide (SiC) is the most likely of all the wide-bandgap semiconductors to succeed silicon for high power density and high temperature device applications [1] - [4] . However, the high-temperature functionality of SiC devices is useless without ohmic contacts that are also able to operate under the same conditions. The stability of T. Abi-Tannous, M. Soueidan, M. Lazar, C. Raynaud, and D. Planson are with the Ampère Laboratory, Centre National de la Recherche Scientifique, Institut National Des Sciences Appliquées De Lyon, University of Lyon, Lyon 69621, France (e-mail: tony.abi-tannous@insa-lyon.fr; maher.soueidan@ insa-lyon.fr; mihai.lazar@insa-lyon.fr; christophe.raynaud@insa-lyon.fr; dominique.planson@insa-lyon.fr).
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Digital Object Identifier 10.1109/TED.2016.2556725 metal-semiconductor contacts is one of the factors that limit the high-temperature operation of SiC electronic devices and circuits. This is generally associated with the evolution of the nature and/or structure of the metal-SiC interface through continuing reactions forming silicides, carbides, free carbon, and/or oxides. Further complications are introduced by the requirements for high-temperature ohmic contacts, such as: 1) high resistance to oxidation; 2) stable electrical conductivity and contact resistance; 3) low resistivity; 4) the ability to be connected to external circuitry; and 5) the reliability at high temperature. p-type 4H-SiC has a high work function (∼7 eV) and it is difficult to found a conventional metal that leads to low Schottky barrier height (SBH) when deposited on p-type 4H-SiC [5] . Such contacts are generally employed containing aluminum [6] , and while many different alloys have been investigated, a great deal of attention has been focused on Al-Ti [5] , [7] - [10] , which has demonstrated specific contact resistances (SCRs) on the order of 10 −3 -10 −5 · cm 2 on p-type SiC. Another investigation has focused on the Ni/Ti/Al contact fabricated on highly p-type 4H-SiC [11] leading to low SCR (2.8 × 10 −6 · cm 2 ), but this result was not reproducible.
To date, Al-Ti alloy remains the only material that has been shown to result in stable low-resistance ohmic contacts on p-type SiC due to the formation of Ti 3 SiC 2 after annealing at high temperature [5] , [12] , [13] . Ti 3 SiC 2 is a layered ternary carbide that belongs to the M n+1 AX n compounds [14] , [15] . It is thought to be one of the best candidate materials for high-temperature ohmic contact issues to SiC because of the following reasons.
1) It advantageously combines metallic and ceramic properties.
2) It has good thermal and electrical conductivity (37 Wm −1 · K −1 and 4.6 × 10 6 −1 m −1 , respectively).
3) It has a relatively low thermal expansion coefficient (8 × 10 −6 /°C) whose value is closed to SiC (4 × 10 −6 /°C). 4) It is a very stable compound in air up to 1400°C. 5) Ti 3 SiC 2 and SiC are in thermodynamic equilibrium so that the interface should remain stable even at high temperature (higher than 1200°C) [16] , [17] . This paper reports on the electrical characterization of Ti-Al ohmic contact to p-type 4H-SiC. We study the effect of Ti-Al composition and annealing temperature for the formation of ohmic contact, which can be used in various Al 100−x target in a high vacuum system. The deposition was carried out at room temperature with an Ar constant pressure (5 × 10 −3 mbar). 2) Pure Ti: 200 nm of pure Ti was deposited using an e-beam evaporator in a high vacuum chamber. After metal deposition, transfer length method (TLM) structures were fabricated on the mesa in order to electrically characterize the metal/SiC p-type contact. The geometric patterns for the TLM measurements were obtained through a photolithographic procedure. The unwanted metal was removed by wet etching using commercial Al-etch at 60°C. The TLM contact consists of seven rectangular electrodes (500 × 100 μm 2 ) with increasing spacings of 3, 6, 10, 20, 40, 80, and 120 μm. For ohmic contact formation, high-temperature annealing was performed in a rapid thermal annealing (RTA) furnace under argon at atmospheric pressure with advanced backing steps (three times pumping followed by argon filling) before the annealing in order to decrease the residual oxygen concentration in the RTA chamber. The beneficial effect of such baking steps is described in [18] and [19] . The annealing temperature was varied from 900°C to 1200°C for a 10 min plateau and a heating rate of 20°C/s. After annealing, the dimensions of the TLM patterns and the interpad distances remained unchanged. This was confirmed by measurements using an optical microscope. Therefore, no correction has been performed during the TLM measurements. Note that the current crowding effect is negligible since the length of the rectangular pads (500 μm) is very big compared with the distance between the pads and the distance between the pads and the edge of the mesa (5 μm).
B. Sample Characterizations
The structural characterizations were mainly performed using X-ray diffraction (XRD) and transmission electron microscopy (TEM). The XRD measurements were conducted on a D8 BRUKER with Cu K α radiation. The cross-sectional TEM (XTEM) samples were thinned down to 10 μm using the tripod polisher. The electron transparency was achieved by ion milling. For electrical characterization, the samples are mounted directly on the heating chuck of a probe station. The samples are characterized up to 600°C and the temperature is monitored using a K-type thermocouple. Our tests showed a temperature accuracy value of ±1%. Above 300°C, tests are performed under vacuum to prevent oxidation of the TLM structures. The electrical measurements are performed using a Keithley source measurement unit K2602A. A four-probe setup is used (Kelvin configuration) to eliminate cable and tips resistances, which results in a measurement accuracy value better than 1%. I -V characteristics are plotted as a function of the contact spacing of different temperatures. [20] and Tsukimoto et al. [12] .
III. RESULTS AND DISCUSSION

A. Identification of Reaction Products
TEM investigations were carried on Ti 30 Al 70 annealed at 1000°C and Ti annealed at 1200°C. Fig. 1(a) displays a bright field (BF) filtered image of a typical region of the as-obtained layer on 4H-SiC from Ti 30 Al 70 annealed at 1000°C. This general view shows that the 4H-SiC substrate is entirely covered by a Ti 3 SiC 2 layer, which is itself covered by an Al rich layer. On the other hand, for Ti annealed at 1200°C [ Fig. 1(b) ], the 4H-SiC substrate is again entirely covered by a Ti 3 SiC 2 layer, but there is a strongly modified SiC region on the side of the interface coming from the solid-solid reaction between Ti and SiC. Comparing with the results obtained using Al-based contacts, Al plays the role of a liquid-phase promoter, leading to a less damaged interface. For more details about the interfacial reaction, the reader is referred to [18] .
B. Electrical Characterization at Room Temperature
Using TLM structures, the electrical characterization of the contact resistance was performed by means of currentvoltage (I -V ) measurements. Fig. 2 shows the corresponding room-temperature I -V characteristics measured between two adjacent TLM pads taken from Ti 50 Al 50 contacts, as-deposited and after thermal annealing at 900, 1000°C, 1100°C, and 1200°C.
A nonohmic behavior was observed on as-prepared samples and on samples annealed at 900°C. However, for the samples annealed at 1000°C or above, I -V behaviors are linear and prove that the contact is ohmic. Fig. 3 shows a typical set of curves obtained from TLM measurements from those contacts (i.e., Ti 50 Al 50 annealed at 1000°C, 1100°C, or 1200°C) that displayed ohmic characteristics for the purpose of extracting the SCR ρ c . As seen, the TLM plots have a different slope at different annealing temperatures; it means that the sheet resistance of the p-layer is different between the samples. This is due to the fact that the annealing was achieved on different samples having a doping concentration varied between 1 and 4 × 10 19 cm −3 . The Ti 50 Al 50 annealed at 1000°C yielded the lowest SCR of 1.1 × 10 −4 · cm 2 (and also the lowest R ON ). This SCR increases with the increasing annealing temperature, as can be seen from Table II and Fig. 4 . From Table II and Fig. 4 , one can also follow the electrical properties of the other types of contacts (Ti 30 Al 70 , Ti 20 Al 80 , and Ti) annealed at different temperatures and evaluated by TLM analysis at room temperature. As can be seen, the trends are rather similar for these contacts except for the case of pure Ti for which a nonohmic behavior was always observed. This is probably due to the modified SiC region at the interface.
However, when we add Al, the electrical behavior of the contact becomes ohmic and ρ c increases when the Al content increases. That means the addition of Al to the Ti is necessary for the formation of ohmic contact with low resistivity. The main reason for this variation is still unknown and more physical and chemical characterizations of the interface should be done in order to elucidate this behavior. Moreover, for all compositions containing Al, the ρ c increases when the annealing temperature increases from 1000°C to 1200°C and this is probably due to the formation of TiC with Ti 3 SiC 2 .
We note that in spite of a high roughness observed on our contacts (∼45 nm root mean squared, measured by atomic force microscopy), excellent edge acuity is obtained. This is independent of the Al concentration on all TLM pads, and we carefully measured the width and the distances between the TLM pads.
According to the results presented in Fig. 4 and Table II , the samples annealed at 1000°C resulted in the lowest contact resistivities and hence were selected for further electrical measurements at high temperature.
C. Electrical Characterization at High Temperature
The I -V characteristics of Ti 50 Al 50 , Ti 30 Al 70 , and Ti 20 Al 80 annealed at 1000°C, measured at different temperatures (25°C, 50°C, 100°C, 150°C, 200°C, 250°C, 300°C, 400°C, 500°C, and 600°C) display an increase in the current with increasing analysis temperature. Fig. 5 shows a typical set of curves obtained from TLM measurements performed at different temperatures (between 25°C and 600°C) for Ti 50 Al 50 /4H-SiC annealed at 1000°C. A similar behavior was observed for Ti 30 Al 70 /4H-SiC and Ti 20 Al 80 /4H-SiC annealed at 1000°C. From these curves, we can extract the evolution of the sheet resistance (R sh ) of the p-layer (Fig. 6 ) and the SCR (Fig. 7) as a function of the measurement temperature for each sample. Besides, after these tests were completed and the samples are cooled down to 25°C, R sh and SCR were measured again and they were found not to be different from the values measured before the high-temperature tests for each contact type.
For Ti 50 Al 50 , R sh decreases with the increasing measurement temperature from ∼2 k /sq at 300 K to 0.2 /sq at 875 K. On the other hand, for Ti 30 Al 70 and Ti 20 Al 80 , R sh decreases from ∼2.5 /sq at 300 K to 0.4 /sq at 875 K in a similar way.
To determine exactly the doping concentration N A of the p-layer, the R sh experimental data, reported in Fig. 6 , were fitted using the expression of the sheet resistance defined by
where q is the elementary charge, μ p (T ) is the hole mobility, p(T ) is the free hole concentration, and e is the thickness of the p-layer (in our case t ∼ 1.3 μm).
The temperature dependence of the hole mobility μ p (T ) is given by the following relation [21] :
where β is an empirical parameter depending on the doping concentration N A and μ p (300) is the mobility at 300 K. The values of β and μ p (300) result from theoretical calculations (resolution of the electroneutrality equation and calculation of the electron drift mobility as the sum of contribution of the different scattering mechanisms). The temperature dependence of free hole concentration p(T ) is given by the following relation [22] :
where k is the Boltzmann constant, N D is the concentration of compensating donor, n i is the intrinsic carrier density, N V is the effective density of states in the valence band, g is the degeneracy factor for acceptors, and E A is the ionization energy of acceptors referred to the top of the valence band. This ionization energy is given by [23] E A (eV) = 0.265 − 3.6 × 10
where (N D /N A ) is the compensation ratio. Note that in (3) and (4) As seen, the N A value found for Ti 50 Al 50 from the temperature dependence fit is higher than those found for Ti 20 Al 80 and Ti 30 Al 70 . This is due to the fact that the doping concentration of the p-layer varies between 1 and 4 × 10 19 cm −3 . These values of N A will be used to fit the experimental SCR.
The SCR values of Ti 20 Al 80 , Ti 30 Al 70 , and Ti 50 Al 50 annealed at 1000°C, as a function of the measuring temperatures, are shown in Fig. 7 . As seen, for all cases, with increasing measurement temperatures (between 300 and 875 K), the SCR decreases from 4. · cm 2 for Ti 50 Al 50 . In general, this behavior is due to the increase of Al doping ionization in the p-layer with increasing temperature, a typical behavior of wide-bandgap semiconductors with incomplete ionization of the dopants at room temperature [24] .
According to the classical theory, there are three transports mechanisms in the metal/semiconductor interface: the thermionic emission (TE), the thermionic field emission (TFE), and the field emission (FE). The ratio kT/E 00 allowed us to estimate the dominant carrier transport mechanism. E 00 is a characteristic energy related to the doping density N A of the p-layer and it can be described by the following relation [25] :
where h is Planc's constant, m * is the effective mass of the tunneling hole, and ε is the dielectric permittivity (in the case of SiC, ε = 9.7 ε 0 ). In (5), we do not take into account the phenomenon of partial ionization, but we used the same value N A defined as the doping concentration. For our doping levels and temperature range (300-875 K), the ratio kT/E 00 is found to be ≈[0. To determine the SBH of the contact, the SCR experimental data, reported in Fig. 7 , were fitted using the TFE model. In this model, the SCR can be expressed as [25] - [27] 
where
and A * is the Richardson constant (in the case of SiC, A * = 146 A · cm −2 · K −1 [28] ) and V p is the energy difference between the valence band and the Fermi level. In these fittings, the SBH φ B was considered as a fit parameter. The extracted values of φ B from the curves in Fig. 7 are reported in Table III . They are found to 30 Al 70 at a constant temperature of 600°C in an Ar atmosphere. The contact resistivity was monitored before and after the tests. In fixed time intervals (24, 48, 100, 200 , and 400 h), the contact was cooled down to room temperature and the contact resistivity was measured. As seen in Fig. 8 , the SCR (ρ c ) has not changed even after 400 h of aging. This is the preliminary information suggesting the good reliability of the ohmic contact based on Ti 3 SiC 2 , even at high operating temperature.
IV. CONCLUSION
In this paper, the formation of Ti 3 SiC 2 -based ohmic contact on 4H-SiC from Ti-Al alloys annealed at high temperature was studied. The role of Ti-Al composition in the initial metallic stacking and the role of the annealing temperature were investigated. XRD analyses show that at a very high annealing temperature of Ti-Al, epitaxial Ti 3 SiC 2 was replaced by epitaxial TiC. The appearance of TiC at higher annealing temperature seems to be to the detriment of Ti 3 SiC 2 while maintaining the epitaxial character. The TEM investigation shows that Ti 3 SiC 2 directly covers the SiC substrate; this means that Ti 3 SiC 2 can be used as an ohmic contact on SiC. For pure Ti annealed at high temperature, Ti 3 SiC 2 always coexists with TiC, but this coexistence was accompanied by some perturbations in the SiC substrate. According to the TLM measurements, all samples annealed at 1000°C (except pure Ti) resulted in the lowest SCR and hence were selected for the high-temperature experiments. The temperature dependence of the SCR indicated that TFE is the dominant transport mechanism and the extracted values of φ B vary from 0.71 to 0.85 eV. When the high-temperature tests are completed and the samples are cooled down to 25°C, the SCR were measured again and they were found not to be different from the values measured before the high-temperature tests for each contact type. Finally, the ageing tests performed at 600°C under Ar atmosphere showed that Ti 3 SiC 2 -based contacts were stable and reliable up to 400 h.
